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Abst rac t  - -  A lgebra ic  gr id -adapt ion is discussed and a method with the capability to simul- 
taneously adapt to several variables is described. This method makes it possible to resolve several 
gradients in a flow-field such as gradients in velocity, pressure, and Mach numbe~'. The method is 
incorporated into an algorithm and applied to hypersonic flow computations about two blunt bodies. 
The algorithm is called PRACTICAL because it allows a user to specify the resolution of several 
variables in a solution in an interactive manner. 
1. INTRODUCTION 
A current challenge in Computational Fluid Dynamics (CFD) is to improve the accuracy of 
numerical simulations of fluid flow without drastically increasing the number of computational 
operations. One way to answer this challenge is to change the underlying rid during simula- 
tion to accommodate some established criterion to improve accuracy. This is referred to as grid 
adaption. Herein, methods and criterion for moving grid points in a structured-grid environ- 
ment are discussed, and an algebraic method that moves grid points to simultaneously resolve 
several gradients in the solution variables is described. This technique is demonstrated with the 
simulations of two viscous hypersonic flows. The first simulation is a blunt body at Mach number 
of 6.8 and Reynolds number of 320,000 in a uniform stream. The second simulation is a shock 
impinging on a blunt body at Mach number of 5.95 and Reynolds number of 400,000. Hyper- 
sonic flows about blunt bodies are characterized by very strong gradients in pressure, velocity, 
temperature and density across the bow shock. Also, there is a large velocity gradient across the 
boundary layer which must be resolved. Accurate simulations of these flows are critical to the 
development of hypersonic vehicles. 
2. GRID ADAPTION 
Methods of grid adaption are extensively discussed in References [1-4]. In general, adaptive 
methods are divided into two categories: differential and algebraic. Differential methods are based 
on variational approaches. These approaches provide a solid mathematical basis for adaptive 
methods, but a set of nonlinear differential equations called the Euler-Lagrange quations must 
be solved in addition to the flow equations. On the other hand, algebraic methods are direct and 
do not require solutions of additional differential equations. Consequently, the algebraic methods 
require much less computational effort. 
Basically, there are two ways of grid adaption: static or dynamic. In the case of static 
grid adaption, the grid is adapted a few times before a converged solution has been reached. 
Whereas, in the case of dynamic grid adaption, the grid is adapted as the solution develops. 
Generally, dynamic adaption can be performed in two ways. One is to keep the computational 
space fixed and include the grid speed in the flow field equations. The grid speed can be obtained 
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by postulating a law which is based on some solution properties. Then, these equations can be 
integrated with the governing partial differential equations to yield a new grid distribution [5]. 
The advantage of this technique is that the solution and the grid are time accurate. This is an 
ideal method to use for unsteady flows. The second approach is to set the grid speed equal to 
zero and interpolate the solution onto the new grid after each adaption. This is equivalent to 
solving a sequence of boundaxy-value problems, which is an economical way to treat steady flows 
whose solutions axe approached asymptotically. In this approach, the grid distribution at time 
level N+I  is determined from the solution at time level N. 
The literature survey indicates that most techniques adapt to just one variable. This means 
that the weight function is based on the solution of one variable only. However, the solution of 
the equations of motion yields several dependent variables such as density, velocity, temperature, 
etc. However, these variables have their high gradients at different locations. For example in 
a hypersonic flow, there is a large gradient in the pressure near the shock region and a large 
gradient in the velocity near the solid surface. Therefore, there is a need for the development of 
an efficient grid adaption method which adapts to several variables simultaneously. 
When the solution varies predominately in a single direction, one-dimensional adaption can be 
applied with the grid points constrained to move along one family of fixed curvilinear coordinate 
lines. Initially, these grid lines are set up by creating a full multi-dimensional grid using any 
grid generation technique. The initial grid, together with some interpolation procedure, serves to 
define the fixed grid lines along which the points will move during the adaption. In general, a two- 
dimensional problem can be split into a series of one-dimensional problems, each running along 
a single computational coordinate. Therefore, these one-dimensional problems can be directly 
solved by any one-dimensional procedure. 
3. EQUID ISTR IBUT ION TECHNIQUE 
In algebraic grid adaption, most techniques are based on an equidistribution technique. This 
technique has been developed to improve solutions of boundary value problems, and it has been 
proven to be effective and efficient [3]. In this technique, the error is minimized by redistributing 
the grid points such that the product of a weight function and the grid spacing remains constant 
over every interval, 
X~W = Constant, (1) 
where X6 is the grid spacing, and W is the weight function. This equation could be interpreted 
as the Euler-Lagrange quation [2-4] which minimizes ome error norm. Equation (1) can be 
integrated with respect o the computational coordinate ~, 
The weight function, W, depends on the computational coordinate ~. This makes Equation (2a) 
an implicit equation which must be solved iteratively. This is referred to as a forward global 
integral statement [4]. Similarly, Equation (1) can be integrated respect to the physical coordinate 
X, 
fxx W(z)dz 
~(X) -- f~..,. W(z)dx' (2b) 
~ ~ff i  12g l  
where W depends on the physical coordinate X. This means that Equation (2b) is an explicit 
equation which can be solved efficiently by a direct method. Therefore, Equation (2b) is much 
more attractive in terms of its computational efficiency. This formulation is referred to as a 
b~kward global integral statement [4]. Equation (2b) can be written in terms of the arc-length 
Sas  
fo s W(s)d8 
~(S) = f° s m~x W(s)ds" (3) 
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Using this form of the equation, it is possible to adapt a two-dimensional grid by moving the grid 
points along one family of curved-lines at a time. 
4. WEIGHT FUNCTIONS 
In Equation (1) the weight function represents some measure of the solution error. White [6] 
has suggested a weight function which depends on the gradient of the solution Q, 
W = [a + IQsl2"] x/2" , (4) 
0 where n and a are some constants and Qs is the solution gradient respect o the arc-length (~--~). 
With n = 1 and a = 0, Equation (4) becomes 
w = IQsl. (Sa) 
Since X¢ is a monotone function, a combination of Equations (1) and (5a) yields 
[Q¢ [ :  Constant. (5b) 
This choice rearranges the grid points so that the same change in the solution occurs at each grid 
interval. Taking a = 1 and n=l  yields 
W = ~ + Q~. (6a) 
A combination of Equations (1) and (6a) results in 
V /~ + Q~ = Constant. (6b) 
This produces a uniform distribution on the solution curve. The disadvantages of this method 
is that the weight function near the solution extreme, i.e., Qs = O, is treated as a flat region. 
Concentration ear the solution extreme can be achieved by incorporating some effect of the 
second derivative (Qss) into the weight function [7] as 
W(S) = 1 + af(Qs) + l~g(Qss), (7a) 
where a and/9 are some positive parameters, and f and g are some arbitrary functions. Substi- 
tution of Equation (7a) into Equation (3) yields, 
~(S) = f :  {1 + af (Q, )  +/~g(Q,,)} ds (Tb) 
f0 s-'" {1 + ~/(Q,) + ]~g(Q,,)} ds" 
With the second derivative terms included, the value of a and fl must be continually updated for 
every family of grid lines to keep the same relative emphasis on the concentration according to 
this form. Therefore, a system of two-equations should be solved for each fixed grid line. 
As mentioned before, a solution of the flow equations yields several variables. In high speed 
flow, the solution consists of several variables uch as density, pressure, velocities, chemical com- 
positions, etc. Therefore, the weight function should be a function of more than one variable. In 
general, the weight function can be expressed [3] as 
I 
W(S) - 1 ÷ Z bifi(S)' (8) 
i=1 
where I is the number of variables for adaption, bi's are some constants, f i 's are some variables 
or their derivatives, and 1 is for the uniformity. A substitution of Equation (8) into Equation (3) 
results in 
I 
S + ~.. b'F~(S) 
= 
z , (9 )  
Sraax + ~ biFi(Smax) 
i= l  
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where 
F (S) = f ( . )d . .  
In Equation (9), the quantities// and fi should be positive to ensure the monotonicity of ((S). 
It should be noted that Equation (9) is for moving grid points along a fixed grid line. In order to 
keep the same relative mphasis on the concentration along each grid line, b i should be computed 
based on some percentage of the grid points being allocated to each variable. The percentage of 
grid points (R j) assigned to a particular function fJ can be expressed as 
RJ = fJ(Sm x) 
I ' j = 1,2,3 . . . . .  I. (10) 
Smax + ~ b~Fi(Smax) 
i l l  
After some algebraic manipulations [3], Equation (9) can be rewritten as 
Smax 1 -  R i ÷i~__ 1 R i F~(S) (11) 
This reformulation avoids the need for continuous updating the bi's to keep the same relative 
emphasis on concentration. Applying this equation, grid points can be adapted to more than one 
variable without any need for matrix inversions. 
5. SELECTION OF WEIGHT-FUNCTIONS IN CFD 
In computational fluid dynamics, solutions of flow equations will generate several variables. 
Then, the weight functions hould be functions of all these variables. In general, these variables 
may have their high gradients in different locations in the flow field. Therefore, the grid should 
be refined in regions where variables have high gradients. In some instances, all variables may 
have their highest gradients at the same location, e.g., shocks. Therefore, one should be cautions 
not to overemphasize the refinement in these region at the cost of other regions. 
Selection of the weight functions depends highly on the type of problem being solved. The 
weight functions can be selected based on the first or the second derivatives of the flow variables. 
For instance, selection of the first derivative will result in the grid clustering near high gradient 
region such as shocks and boundary layer regions. One may desire to cluster the grid points near 
regions of high spatial oscillations uch as before and after shocks. This can be accomplished 
by selecting the second derivatives of the flow variables as a weight function. In some physical 
problem, one may need the smallest grid spacing in the region where the flow has relatively low 
gradients compared to the other locations. For example, in the case of shock-shock interaction, 
one maybe required to have an extremely fine grid near the wall regions to predicate the correct 
fluxes such as heat transfer ate and shearing stresses. This is not possible if the weight functions 
are solely dependent on the flow variables. Because the largest gradient occurs near the shock 
region, the smallest spacing will occur near the shock regions as well. This problem can be 
solved by constructing a geometrical weight function which can be a user-defined variable. For 
example, one may construct a weight function that is extremely large near the solid surfaces and 
is extremely small away from the solid surfaces. Then, a fine grid can be obtained near solid 
surfaces by allocating a large percentage of the grid points to the geometrical weight function. 
At the same time, the grid could be fine in the regions of high gradients. 
6. TRUNCATION ERROR 
Examination of Taylor series expansions suggests that an accurate solution can be obtained by 
reducing the truncation error. The truncation error is a product of spacing and some derivatives 
of the variable. This is very similar to the left hand side of Equation (1). For most realistic CFD 
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problems, it is very difficult to approximate the truncation error. However, this error may be 
approximated by computing some derivatives of the solution. This can produce a relatively good 
approximation if the solution has converged. 
In order to simulate a two-dimensional hypersonic flow, one must solve four simultaneous 
partial differential equations. Since, these equations are highly coupled, approximation of the 
truncation error should include the gradients of all solution variables (Q = (p, pu, pv, pc)T). 
Therefore, a weight function can be constructed based on approximation f the truncation error. 
This can be achieved by scaling all four gradients uch that they have the same minimum and 
maximum value (0,1). 
Qs = Qs - -  Q~in 
Q~aX _ Q~in. (12) 
Then, the scaled quantities can be added together to form a weight function. 
I (S )  = Q~ + Q~ + Q~ + Q~. (13) 
This weight function has a uniform contribution from all four variables. There is one potential 
problem with this approach. One should be cautious not to overemphasize one physical phe- 
nomenon such as a shock at the cost of another physical phenomenon such as boundary layer. 
This occurs because these four variables may have their high gradients at the same location, 
e.g., near the shock region. Consequently, most of the grid points will be clustered here. One 
solution is to limit the contribution of each variable to the weight function. This can be done by 
modifying Equation (13) as 
0, if f(S) < fmin; 
f(S) = 1, if f(S) >_ 1; (14) 
f(S), otherwise, 
where fmin is a minimum value for the scaled weight functions, which helps to remove small 
oscillations in the flow. Similarly, if all variables have their high derivatives at one location, this 
effect will be counted only once instead of four times. 
7. TWO-DIMENSIONAL ADAPTION 
Most CFD algorithms are based on iterative methods. In general, at the end of one iteration, 
the solution Q/V+l(x, y) - (p, pu, pv, pe) T is known at every point in the domain. But, 
this solution is a function of the previous coordinate system, rN = (z, y)T. The first step is 
to compute the new grid ~N+I = (~, ~)T based on QN+I(x, y). Then, QN+I(~, .~) can be 
determined by interpolating QN+I(x, y) from the old grid (x, y) to the new grid (~, ~). 
In general, a two-dimensional problem can be split into a series of one-dimensional problems, 
each running along the computational coordinate, i.e., ~ or T/. Then, these problems can be 
directly solved by one-dimensional procedures. In this section, the method is described for grid 
adaption along constant 1/. 
The first step is to specify the weight functions. This step is highly problem dependent. For 
example, in a viscous compressible flow, the pressure gradient is as important as the velocity 
gradient. For illustrative purposes, the first derivative of pressure (P) and Mach number (M) 
are used for the weight functions f~,t and f~,l, respectively. 
OR f~,l = ~ k,l fL ,  = k,,' 
where k and g are the grid indices in ~ and y directions, respectively. These partial derivatives 
can be approximated by the their numerical counterparts. 
]:,t I P,+I,, - P.-1,, ] 2 [ Mk+, , , -  M._,,, ] (16) 
= sk+,,, IL,=I  " 
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Singularities in the grid should be handled with extreme care. Our experiences show that this 
type of numerical differencing does not have much effect on the final result. 
The derivatives in Equation (15) are with respect o the arc-length (S). This is adequate for 
static grid adaption. However in dynamic grid adaption, this will create a problem in the shock 
regions, since as the solution develops from a uniform condition, the derivatives of most vaxiables 
with respect o the physical coordinates will increase. When the shocks are completely formed, 
these derivatives will approach infinity. Therefore, it is not feasible to adapt to the derivatives 
with respect o the physical coordinates. However, the derivatives with respect o the computa- 
tional coordinates will be finite for the duration of computation. Therefore, a better approach 
is to replace the derivatives with respect o the physical coordinates with the computational 
coordinates, 
k,l' k,l" (17) 
In this case, f~,z and f2t are always finite even i  the shock regions. Equation (17) can be written 
in a discrete form as 
f l , /  __ ]Pk-i-I,L -- Pk- l , t  - -  M~,-1,L 
Another solution is to multiply the weight function f~,t by e ~ 
--ASk L eik,z = Ti(1 - e~) ,  
(18) 
(19) 
where T i is some constant between 0 and 1, ASk,l is the average spacing at (k,l) point, and 
/kS rain is some lower limit for the spacing. If the spacing is much smaller than the AS rain, then the 
weight function will be multiplied by a small number. This prevents he spacing from becoming 
extremely small. 
The second step is to evaluate the integral in Equation (9). Since the Sk,t is not uniform, a 
simple trapezoidal integration rule for nonuniform spacing can be used as follow: 
i f~ - 1,L] [Sk,l -- Sk - 1,l] Fi ( Sl,, ) O, Vi ( Sk,, ) + = = Fi(Sk_1,t) [f~,t + 2 , (20) 
for k-2,3, . . . ,K,  t -  1,2, .. . .  L, i -  1,2, . . . , I ,  
where K and L are the maximum number of points in k and t directions, respectively, and I is 
the number of variables for adaption. 
The third step is to compute the new computational (~) coordinate from Equation (11). After 
this step, the new computational coordinate ~is a function of old arc-length S, 
~,z = ~(S~,z). (21) 
If the solution has oscillations, they will appear in the new grid. However, low frequency oscilla- 
tions can be filtered by application of a Laplace filter (with relaxation factor of 1/2), 
~k,z = 4 
The fourth step is to find the inverse relation to Equation (21), 
 k,L = 
(22) 
(23) 
This can be done by interpolating for the new arc-length, S~,t, at uniform spacing in the new 
computational coordinate system (~). Depending on the required accuracy, an interpolation 
procedure can be applied (i.e., spline, local Lagrange, or piece-wiee linear). For a local Lagrsagian 
interpolation, the following can be used. 
max 
Sk,t(~) = ~ L,~(~)St,z(~), (24) 
re=rain 
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where 
m~Lx - 
~= K- I '  Lm(O= H , m=min, min+l . . . .  ,max, 
mt~m~ 
order of interpolation 
min = p - 2 , max = rain +order of interpolation, 
and p, rain and max must satisfy, 
< &'l _< min ~_ I, max < K. 
At the solid boundaries, a similar interpolation could be applied with slight modifications. This 
may modify the boundary surfaces, and there are several way to alleviate this problem [8]. 
However in a two-dimensional case, it is easier to keep a fine description of the solid surface 
throughout the adaption as a reference to the original surface description. 
8. ADAPTION SCHEME 
In the present study, the grid points are adapted at the end of a time step. Therefore, all 
variables QN+I = (p, pu, pv, pe) T are functions of the old grid r N = (z, y)T. The aim is to 
compute the new adapted grid (~, ~) based on QN+I(z, y) by interpolating the solution into the 
new grid (£', ~). In this section, the algorithm is outlined by using a pseudo code which can be 
readily translated to any computer language. 
The first step is to choose a coordinate line along which the adaption is performed, e.g., ~. 
Therefore, all constant ~lines are kept fixed. Then, arc-length, Sk,l, should be computed along 
this coordinate 
do for  &= I, 2,..., L 
.5'1,e:= 0 
do :for J::= 2, 3 . . . ,  K 
Sk,l := Sk- l , l  + V(~k, l  -- Zk- l , l )  2 + (Yk,l -- Yk-l, l) 2 
enddo 
enddo 
In the second step, f~.,z should be computed. For illustrative purposes, the example below shows 
the computation of f~,l based on the first derivative of the pressure and the Mach number. 
do for  t:= I, 2 , . . ,  L 
do for  k:= 2, 3,..., K-1 
~1 .~ Mk.l.,,e-Mk_l,t J k,l "-- 2 [ 
f2,1 :-- ]~k+l,l -- 2ek,t + P'z-l,l l 
enddo 
fh  := I L  ;f?,e := f ,e ; fh  := Ik_i,, :=  
enddo 
The last line of this algorithm can be changed to handle other kinds of boundary conditions. In 
the third step, the integral in Equation (9) is calculated for all variables (i-1, 2, . . . ,  I). In this 
case, I is equal to 2. 
do for  i:= 1, 2 , . . ,  I 
do for  t:= 1, 2,..., L 
F~,t := 0 
do for  k:= 2, 3,..., K 
#i +#i 
g,e := FL:,  + [;'" - Sk-:,e) 
enddo 
enddo 
enddo 
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Figure 1. Adaptive grid (R, = R2 -~ 20~). 
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Figure 2. Adaptive grid (R, =/~ = 50%). 
In the fourth step, Equation (11) is solved for ~(S). 
! 
temp:=l - -  ~ /~ 
i----1 
do fo r  £:= I, 2 . . . . .  L: 
do for /c := i, 2, . . . ,  K 
~k,t := ~ * temp 
do fo r  i:= 1, 2, . . . ,  I 
F~ i - k_/a_~ ~,t  := ~k,t + R ~., 
enddo 
enddo 
enddo 
In the fifth step, the new arc-length distribution S(~-) will be computed from ~ = ~(S) by an 
inverse interpolation using a piece-wise lineax interpolation. 
do fo r  f := 1, 2 , . . . ,  L 
do fo r  k:= 1, 2, . . . ,  K 
k-1 
p: :  K 
do fo r  /de:-- 2, 3 . . . .  K 
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Figure 3. Adaptive grid (R, = R2 = 50%). 
/ 
/ 
t " • " " -':7:~. 
Figure 4. Density contour. 
p := kk 
get oul; of kk loop 
end iX 
enddo 
temp:= ~,e-~r,e G-l, l-G,t 
zk,t := zp,t + (xp-l,t -- zp,/)(temp) 
@_k,t := Y~t + (yp_--1,z -- y~,t_)(temp) 
Qk,t := Qp,t + (Qp-l,t - Qp,t)(rmtemp) 
enddo 
enddo 
After termination of this algorithm, the new grid and the interpolated solutions are stored in 
zk,z, Yk,t, Qk,t, respectively. 
9. RESULTS AND DISCUSSIONS 
The governing equations for a thermal fluid system are the conservation of mass, momen- 
tum, and energy. These equations are developed for an arbitrary region assuming the system is 
in continuum [9]. A time marching method is used to compute the solution, this allows us to 
capture the possible transient features. Hypersonic flow over a blunt nose is a typical test ease 
in computational fluid dynamics with shock-shock interaction. This problem inherits a detached 
shock which should be accurately resolved. The location and the magnitude of the shock are 
not known a priori; therefore, the grid should be adapted as the solution evolves. Three cases 
have been investigated, and each ease consists of several tests. In the first and third cases, a 
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Figure 5. Adaptive in J- and K-cUre,on(10% for each variable). 
Figure 6. Adaptive in K- and J-dlrection(10% for each variable). 
Figure 7. Grid adaption (40~ estimate of truncation exror). 
predictor-corrector method [3] has been used which is based on the MacCormack method. In the 
second case, an upwind method [10] has been implemented. 
In the first case, the effects of different weight functions on the grid are studied. This case 
consists of three tests, and it is based on the static grid adaption technique. For this case, the 
solution has been obtained using a fixed grid for a blunt body. Results are obtained at the 
following conditions [3]: Moo = 6.8, Reoo = 320,000, Poo = 9.26 Ib/ft 2, Uoo = 6510 ft/sec, 
7 = 1.38, R = 1771 ft2/sec 2 °R and the wall temperature of 54°R. With these conditions, 
the curved-shock is nearly parallel to the body, therefore grid points are adapted only along 
one coordinate line (7) which is normal to the solid wall. In the first test, the grid points are 
adapted to two variables, the first and the second derivatives of pressure (Figure 1). In this test, 
twenty percent of the grid points are allocated to the first and second derivatives of pressure 
(R I - R ~ = 20%). The second test is similar to the first test with the exception of higher 
percentages (R I = R 2 = 50%). The result is shown in Figure 2. It should be noted that 
the m~ority of the grid points axe allocated to two weight functions: the first and the second 
derivatives of the pressure. This explAinl the large voids in the constant pressure regions. Results 
of the first two tests indicate the lack of grid resolution in the vicinity of the solid boundmeies 
which is due to the pressure being constant near those regions. Nevertheless, Equation (11) can 
adapt to several variables. Figure 3 shows the grid points which are adapted to three weight 
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Figure 8. Grid adaption (20~ estimate of trunca- 
tion error and 20~ for geometric weight function). 
Figure 9a. Dyn~m|c grid adaptlon (Frame 1). Figure 9b. Dynamic grid adaptlcm (Frame 2). 
Figure 9c. Dy~|¢  grid adaptlon (Frame 3). Figure 9d, Dynamic grid adapti~m (Frame 4). 
Figure 9e. Dynamic srid ~pt lon  (Frame S). Figure 9f. Dynamic grid adaption (Frame e). 
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functions. These weights are functions of the first derivatives of pressure and velocity and the 
second derivative of pressure. Twenty percent of the grid points are allocated to each weight 
function and forty percent of the grid points are for uniformity. This avoids the creation of any 
void, and the grid points are clustered near the shock and the boundary layer. Therefore, it is 
passible to resolve the pressure and velocity gradients in the boundary layer region. Previous 
experiments [3] have shown that Mach number gradient can be used to locate shocks and the 
boundary layer. In complex flows such as chemically reacting flows, some of the grid points can 
be allocated to resolve the gradients of the chemical species. 
In the second case, only the cylindrical portion of the blunt body is considered. In addition, 
there is a shock which impinges on the body. This geometry is similar to the inlet's leading-edge 
of the aerospace plane which creates a highly complex physical situation. Results are obtained 
at the following conditions: Moo = 5.94, Poo = 536 N/ra 2, 7 = 1.4, Too = 59.9°K and a 
wall temperature of 408°K. In this case, the shock is not nearly parallel to the solid surface 
(Figure 4). Therefore, a hi-directional adaption should be implemented. In other words, the 
grid points should be adapted in two computational directions (~ and 7). Three tests have 
been performed to investigate the effects of directional dependence, truncation error and the 
geometrical weight functions. In the first test, the grid is adapted first in the direction where the 
gradients are the highest 0-direction) then in other direction (/:-direction). The following weight 
functions have been selected: geometrical weight function, estimate of the truncation error, Math 
number gradients, dynamic pressure gradient, and total enthalpy gradients with 10% allocated 
to each weight function. The resulting grid s shown in Figure 5. There is some skewness in the 
region where the two shocks interact. In the second test, the adaption is performed with the same 
weight functions and percentages with reverse order of adaption. In this test, the adaption is 
performed in the b-direction (~) first and then j-direction (7). The results are shown in Figure 6. 
In this test, the grid is more skewed compared to the previous test. For a bi-directional daption, 
these results indicate that the grid points should be adapted first in a direction where the weight 
function is the largest. In the third test, the effect of truncation error has been studied. In 
Figure 7, 40% of the grid points are allocated to the approximate truncation error. Results 
indicate that the truncation error can be very effective in locating high gradient regions. There 
are also enough grid points near wall regions. However, it is very important o test this with 
the dynamic grid adaption. In the fourth test, the effect of geometrical weight function has 
been studied. A geometrical weight function has been constructed based on the description in 
Section 6. In this test, 20% of the grid points are allocated to the geometrical weight function 
and 20% to the truncation error. The results are shown in Figure 8. Grid points are clustered in 
the shock as well as in the boundary layer regions. However, the smallest grid spacing is in the 
vicinity of the boundary layer region. 
In the third case, this procedure has been applied dynamically to the problem described in 
the first case. In this case, the grid adapts as the flow evolves. Initially, the solution starts with a 
uniform grid and uniform flow conditions everywhere except at the solid boundaries. Then, as the 
equations of motion are integrated the grid changes to accommodate the developing radients. 
In the initial stages of the solution, the grid is adapted at every iteration. Then, as changes 
in the solution get smaller from iteration to iteration, the frequency of adaption is decreased 
to one adaption for every one hundred iterations. Near convergence, the adaption has stopped 
completely. In this case, grid points are adapted to six variables: the first and second erivatives 
of pressure, temperature and velocity. Ten percent of the grid points are allocated to the first 
derivatives equally and five percent o their second derivatives. Fifty-five p rcent of the grid 
points are also allocated to the uniformity. A movie animation has been produced of this work 
which shows the dynamic adaption; a few frames are shown in Figure 9. It demonstrates how 
grid points are attracted toward high gradient regions and are repelled from low gradient regions. 
10. CONCLUDING REMARKS 
A grid adaption method has been developed with the capability of adapting rid points to 
several variables. This method is an algebraic method, therefore there is no need for solutions of 
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differential equations. This method is used in conjunction with the calculation of hypersonic flows 
over blunt-nose bodies. The results indicate the viability and validity of the proposed method. 
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